ABSTRACT Reservoir competence for the Lyme disease spirochete, Borrelia burgdorferi, was tested for six species of native North American birds: American robin, gray catbird, brown thrasher, eastern towhee, song sparrow, and northern cardinal. Wild birds collected by mist netting on Fire Island, NY, were held in a Þeld laboratory in cages over water and locally collected larval ticks were placed on the birds, harvested from the water after engorgement, and tested for infection by direct ßuorescent-antibody staining after molting to the nymphal stage. American robins were competent reservoirs, infecting 16.1% of larvae applied to wild-caught birds, compared with 0% of control ticks placed on uninfected laboratory mice. Robins that were previously infected in the laboratory by nymphal feeding infected 81.8% of applied larvae. Wild-caught song sparrows infected 4.8% of applied larvae and 21.1% when infected by nymphal feeding. Results suggest moderate levels of reservoir competence for northern cardinals, lower levels for gray catbirds, and little evidence of reservoir competence for eastern towhees or brown thrashers. Lower infection rates in larvae applied to wild-caught birds compared with birds infected in the laboratory suggest that infected birds display temporal variability in infectiousness to larval ticks. Engorged larvae drop from birds abundantly during daylight, so the abundance of these bird species in the peridomestic environment suggests that they might contribute infected ticks to lawns and gardens.
THE PRIMARY RESERVOIR HOSTS for Lyme disease spirochetes Borrelia burgdorferi in the northeastern United States are rodents, especially the white-footed mouse, Peromyscus leucopus (Lane et al. 1991 , Mather 1993 , Piesman 2002 . Mather et al. (1989b) showed that of three common mammal species at a site in Massachusetts, P. leucopus was the primary reservoir species. In the absence of P. leucopus, other rodents such as meadow voles, Microtus pennsylvanicus (Markowski et al. 1998) , and even Norway rats, Rattus norvegicus (Smith et al. 1993) , can serve as important reservoir hosts. Several studies have demonstrated varying degrees of reservoir competence in mammal species Daniels 1990, Mather 1993) , although some mammals (notably, white-tailed deer, Odocoileus virginianus) are clearly not competent reservoirs (Telford et al. 1988) .
Relatively little attention has been paid to birds, which are generally considered secondary hosts that contribute relatively little to local transmission dynamics, except perhaps to dilute the force of transmission (LoGiudice et al. 2003) . Several studies have recorded moderate-to-low infection prevalence in ticks removed from birds (Anderson and Magnarelli 1984, Weisbrod and Johnson 1989) . However, infection rates in ticks removed from some wild-captured bird species have been comparable to ticks removed from mammalian reservoirs. For example, Rand et al. (1998) found that 43.5% of nymphs removed from American robins, Turdus migratorius, were positive by a direct ßuorescent antibody procedure. Unfortunately, background infection rates in wild birds are generally unknown, and ticks removed from wildcaught birds might have acquired infection from unknown sources. Therefore, infection rates of ticks removed from wild birds are not, by themselves, reliable indicators of reservoir competence. Experimental evaluation of reservoir competence is essential. Richter et al. (2000) demonstrated in the laboratory that robins were competent reservoirs for B. burgdorferi. However, Mather et al. (1989a) found that gray catbirds, Dumatella carolinensis, were incompetent reservoirs. Thus, birds apparently vary in reservoir competence, perhaps similarly to mammals. Unfortunately, other than the two studies cited above (Mather et al. 1989a , Richter et al. 2000 , there have been no experimental tests of reservoir competence in northeastern North American birds. To accurately assess the roles of birds in the natural transmission dynamics of B. burgdorferi, reservoir competence studies are needed for numerous additional bird species.
As part of a community-level study of B. burgdorferi transmission dynamics at a site on Fire Island, NY, we assessed reservoir competence of six species of common songbirds. Wild birds caught in mist nets were temporarily held in a Þeld laboratory for the experiments, to provide conditions that were as natural as possible in controlled experimental tests of reservoir competence. In this article, we report infection rates in nymphal Ixodes scapularis (Say) that had been placed on these birds as larvae.
Materials and Methods
Birds were captured in nylon mist nets on Fire Island, a barrier island off the southern shore of Long Island, NY. The study site was at the Lighthouse Tract near the western end of the barrier island. Birds were captured in August 1997 and in July and August 1998 and were held for the term of each experiment in 38 by 38 by 48-cm wire cages over water trays in a Þeld laboratory (one room in a modiÞed construction trailer). Ambient temperatures were maintained between 22.7 and 27.7ЊC and relative humidity was between 37 and 68%. Birds were fed at 0800 Ð1600 hours and maintained on a diet of wild blueberries (collected on site), a seed mix, waxworms, and mealworms (Grubco, Hamilton, OH). Birds were weighed and food consumption was recorded daily. Any bird not eating or rapidly losing Ͼ15% of its body weight was released.
Six bird species were tested for reservoir competence in 1997: American robin; gray catbird; eastern towhee, Pipilo erythrophthalmus; song sparrow, Melospiza melodia; northern cardinal, Cardinalis cardinalis; and brown thrasher, Toxostoma rufum. After capture, birds were deticked with Þne forceps and/or by placing in cages over water and allowing attached ticks to drop. Ticks to be placed on birds were collected from the Lighthouse Tract with a white 1.0 by 0.5-m pinwale corduroy ßag. Larvae were applied to the head and neck areas of each bird over a white mat. The birds were placed in cages over water, and engorged ticks were retrieved from the water with a Þne paintbrush, washed, dried, and placed in vials for transport to the laboratory at the University of Rhode Island. Ticks were collected each morning at Ϸ0630 hours and each evening at Ϸ1930 hours. Engorged larvae that dropped off the birds beyond 60 h after the ßat larvae were applied were considered to be experimental ticks. Larvae that dropped off earlier might have been on the birds when captured, based on preliminary drop-off data (Balmforth 2002) . The engorged larvae were kept at 22.5ЊC and 90% RH until molting to the nymphal stage, at which point they were tested for infection with B. burgdorferi by direct ßuorescent-antibody (DFA) staining. As a control, Þeld-collected larvae were placed on uninfected P. leucopus (from a laboratory colony maintained at the University of Rhode Island), allowed to molt, and tested for B. burgdorferi infection by DFA. As a further test of background infection rates, free-living larvae collected from the study site from 1994 through 1997 were tested directly by DFA for infection with B. burgdorferi.
In 1998, robins and song sparrows were infected by application of Þeld-collected nymphal ticks and were tested for reservoir competence by applying Þeld-collected larvae, and testing for infection as in 1997. The robins were captured on 23Ð24 July, nymphs applied on days 1 through 5 of captivity, and larvae applied in two cohorts, 40 on day 10 and 100 on day 14. This time period was sufÞcient to allow spirochetemia to develop in birds and transmission to occur (Piesman et al. 1996 , Richter et al. 2000 . The song sparrows were captured on 25 July, and a total of 95 nymphs and 195 larvae were applied in approximately equal numbers to each bird on 3 d (larvae and nymphs together each day) on days 4 through 10 of captivity (also, 50 larvae were applied to one of the birds on day 2 to determine whether larvae could be infected when simultaneously feeding with nymphs).
The DFA procedure involved squeezing the tick midguts and hemolymph onto glass slides (the cuticles were discarded), incubating for at least 2 h at 34ЊC, cleaning with acetone for 10 min and then staining with 1:10 diluted, ßuorescein isothiocyanate-conjugated anti-B. burgdorferi goat antibody (KPL, Gaithersburg, MD). The slides were incubated at 34ЊC until dry and washed twice (5 min each) with phosphatebuffered saline (PBS) and then with distilled water. When dry, the slides were mounted with a 9:1 solution of glycerol and PBS and then examined under a ßu-orescent microscope at 400ϫ for evidence of B. burgdorferi.
Results
Table 1 presents information on the birds used in the reservoir competence experiments. American robins showed evidence of reservoir competence in the 1997 trials (Table 2) . Northern cardinals, song sparrows, and gray catbirds also showed evidence of reservoir competence but at lower levels than robins, and the evidence is less reliable because of small sample sizes. Note that none of the control larvae placed on uninfected mice were positive as nymphs (Table 2) . Furthermore, of 1,333 free-living larvae collected at the site from 1994 through 1997 and tested for infection by DFA (446 of these in 1997), none were positive.
Some of the birds might not have been infected at the time of the experiment. If we consider only ticks that had attached to birds from which at least one positive tick was recovered (i.e., from birds that we know were infected), then 33.3% of the ticks from infected robins and 22.2% of the ticks from infected cardinals were infected. If all ticks that dropped off the bird are considered, including those attached to the bird when captured, 13 of 25 larvae recovered from two infected robins were infected (52% positive).
In 1998, at least 30 nymphs were applied to each of four robins and three song sparrows, and infected nymphs were recovered from each bird. Therefore, all of these birds had been exposed to B. burgdorferi. Infection in free-living larvae, after feeding on these birds and molting to the nymphal stage, is shown in Table 3 . Larvae picked up infection from all four robins and from two of the three song sparrows. Infection rates were consistently high in ticks recovered from infected robins (range 69.2Ð100% from individual birds) but varied considerably in ticks from the song sparrows (range 0 Ð53.8% of ticks from different birds).
The numbers of engorged larvae collected from water beneath the cages at 6:30 a.m. (these ticks had dropped off the previous night) and at 7:30 p.m. (these ticks had dropped of during the day) are shown in Table 4 . There was a tendency toward greater drop-off during the day (Wilcoxon signed ranks test for paired observations, two-tailed; 1997, t s ϭ Ϫ1.992, P ϭ 0.023; 1998, t s ϭ Ϫ1.604, P ϭ 0.054), but ticks dropped from birds abundantly during both day and night.
Discussion
Some bird species are competent reservoirs of B. burgdorferi. Our results corroborate the Þndings of Richter et al. (2000) that American robins are highly competent reservoirs of B. burgdorferi, and we provide evidence that some other common species, including song sparrows and northern cardinals (Stafford et al. 1995) can serve as reservoirs as well. Gray catbirds, which are generally not considered competent reservoirs (Mather et al. 1989a , Rand et al. 1998 , also showed some indication of reservoir competence in our trials (Table 2 ) and deserve further study. This is the Þrst study using wild-caught birds and Þeld-collected larval ticks to assess reservoir competence of several bird species in controlled trials.
The reservoir competence of robins that had been previously infected by attached nymphs (Table 3) was comparable with that reported for the white-footed mouse, the primary reservoir of Lyme disease in northeastern North America (Donahue et al. 1987 , Mather et al. 1989b ). However, infection levels were lower in ticks placed on wild-caught birds without prior laboratory infection (Table 2) , suggesting either that many wild birds are not infected or that infectivity varies through time, relative to the time of initial infection. In the results from ticks from naturally infected wildcaught birds, if we include only those birds that produced at least one infected tick (so we know that all of these birds were infected), only one-third of the larvae from these birds were infected as nymphs. Compare that with 81.8% of ticks that were infected from birds that we had infected in the laboratory by nymphal feeding. Thus infectivity was lower in naturally infected than in laboratory-infected birds, perhaps due to ßuctuations in infectivity through time. Donahue et al. (1987) and Burgdorfer and (Schwan a White-footed mice from laboratory colony used as controls for possible infection in free-living larval ticks. a Nymphs were placed on robins 5Ð14 d before larvae. b Nymphs and larvae were placed on sparrows simultaneously three times during a 6-d period. 1991) reported temporal changes in infectivity by P. leucopus in the laboratory, but ticks from Þeld-collected mice typically have high infection rates (Mather 1993) . Variability in infectivity also was apparent in our trials between individuals of some bird species. Among song sparrows, for example, individual infected birds were infectious to anywhere from 0 to Ͼ50% of attached larvae. However, the simultaneous application of nymphs and larvae to song sparrows over a 6-d period might account, in part, for this variability. In our trials with American robins (which displayed more consistent infectivity), larval ticks were applied 5Ð14 d after application of nymphs. Despite variability in infectivity, birds can function as reservoirs of B. burgdorferi. However, assessing their importance to human risk of disease is more complicated. The relatively low infection prevalence in larval ticks from wild-caught birds compared with ticks from wild-caught mice suggests that birds contribute less than mice to infection in nymphal ticks in endemic areas. A full assessment, however, would require that the relative numbers of ticks that attach to each vertebrate species be quantiÞed. This calculation is complicated by the large numbers of birds that pass through coastal areas on their southward migrations in late summer and fall. Even if these birds have small tick burdens, their large numbers could result in substantial contributions to local tick populations in coastal areas.
The importance of birds versus mammals as reservoirs of B. burdgorferi also depends on the duration of infectivity. Richter et al. (2000) found that infectivity in robins declined after 2 mo. The lower infection rate in nymphs that had fed as larvae on newly caught versus laboratory-infected robins in our study suggests that infectivity in the Þeld might be compromised by other factors in wild birds. The relatively high infection rates in larvae collected from wild-caught P. leucopus (Mather 1993) suggest that mice typically play a greater role than birds as reservoirs in natural areas.
Assessing the importance of birds to human risk of Lyme disease, however, also requires an evaluation of whether the ticks on birds are more or less likely to encounter humans than ticks from mammalian hosts. Exposure to Lyme disease is primarily peridomestic (Maupin et al. 1991) , so the contribution of birds relative to mammals to tick infection around human dwellings is critical. The birds demonstrating reservoir competence in our study include robins, cardinals, and song sparrows, which frequently use backyard environments and some of which are commonly seen at bird feeders. Therefore, they are likely to drop engorged larvae in lawns and gardens, where ticks are less common than in woods and at wood edges (Maupin et al. 1991 , Carroll et al. 1992 ) but more likely to encounter people. Ticks drop abundantly from birds during daylight (Table 4) , so many of these engorged larvae are undoubtedly dropped in peridomestic environments. Battaly and Fish (1993) documented the importance of American robins (along with house wrens and common grackles) as potential sources of ticks on lawns in Westchester County, New York. Engorged larvae dropping from birds on lawns would have to survive through the winter and successfully molt to the nymphal stage before they might attach to a human, and it is not clear whether this can occur in the relatively exposed environment around human dwellings. Survival of nymphs is low in open habitats (Ginsberg and Zhioua 1996) . Nevertheless, the contribution of birds to human infection in the peridomestic environment could be substantial and deserves further study. 
